Chronic consumption of a fat-rich diet leads to attenuation of leptin signaling in hypothalamic neurons, a hallmark feature of cellular leptin resistance. To date, little is known about the temporal and spatial dysregulation of neuronal function under conditions of nutrient excess. We show that agouti-related protein (AgRP)-expressing neurons precede proopiomelanocortin neurons in developing diet-induced cellular leptin resistance. High-fat diet-induced up-regulation of suppressor of cytokine signaling-3 (SOCS3) occurs in AgRP neurons before proopiomelanocortin and other hypothalamic neurons. SOCS3 expression in AgRP neurons increases after 2 d of high-fat feeding, but reduces after switching to a low-fat diet for 1 d. Consistently, transgenic overexpression of SOCS3 in AgRP neurons produces metabolic phenotypes resembling those observed after short-term high-fat feeding. We further show that AgRP neurons are the predominant cell type situated outside the blood-brain barrier in the mediobasal hypothalamus. AgRP neurons are more responsive to low levels of circulating leptin, but they are also more prone to development of leptin resistance in response to a small increase in blood leptin concentrations. Collectively, these results suggest that AgRP neurons are able to sense slight changes in plasma metabolic signals, allowing them to serve as first-line responders to fluctuation of energy intake. Furthermore, modulation of SOCS3 expression in AgRP neurons may play a dynamic and physiological role in metabolic fine tuning in response to short-term changes of nutritional status.
M ost common forms of obesity, including diet-induced obesity, are associated with hyperleptinemia and impairment of leptin signaling in hypothalamic neurons, the hallmark feature of cellular leptin resistance. Suppressor of cytokine signaling-3 (SOCS3), a direct transcriptional product of STAT3, is up-regulated in the hypothalamus of diet-induced obese animals (1, 2) . Mice with heterozygous mutation of the Socs3 gene, neuronal, or proopiomelanocortin (POMC)-specific deletion of the Socs3 gene are hypersensitive to leptin and resistant to diet-induced obesity (3) (4) (5) . Conversely, up-regulation of SOCS3 in POMC neurons of chow-fed mice leads to increased body adiposity (6) . In addition, wide-spread up-regulation of SOCS3 has been shown to be associated with neuronal inflammation in diet-induced obese animals (7) . Thus SOCS3, which is up-regulated in chronic obesity, is commonly thought to play a pathophysiological role in obesity-associated leptin resistance.
Multiple neuronal subtypes in several regions of the hypothalamus, including the arcuate nucleus, ventromedial hypothalamus, dorsomedial hypothalamus, and lateral hypothalamic area, have been implicated in the regulation of energy balance and leptin action (8, 9) . A number of hypothalamic neurons and extrahypothalamic neurons express functional leptin receptor (10, 11) . Among these neurons, POMC and agouti-related protein (AgRP) neurons are two key arcuate neuronal subtypes. POMC and AgRP neurons promote negative and positive energy balance, respectively, and they are regulated by leptin in opposite ways. Thus, these two neuronal subtypes are often considered to play equal but reciprocal roles in regulation of energy balance.
Diet-induced obesity is a progressive process. Short-term consumption of a high-fat diet leads to increased feeding and caloric intake, but at the same time results in elevation of energy expenditure, which likely serves as an adaptive response to restore energy balance (12) (13) (14) (15) . Concurrent to that, however, is the rapid induction of insulin resistance and hepatic steatosis, even in the absence of an apparent weight change (16, 17) . Consumption of a fat-rich diet, when allowed to persist, ultimately leads to obesity. Although disruption of leptin signaling and cellular leptin resistance are observed in many hypothalamic neurons in established diet-induced obese animals, little is known about the temporal and spatial dysregulation of neuronal functions during the development and progression of diet-induced obesity. In this study, we provide evidence that AgRP neurons are unique among hypothalamic neurons by being the predominant neuronal subtype situated outside the blood-brain barrier (BBB), and they are more responsive to small changes of circulating leptin. In turn, these neurons are more susceptible to dysregulation of leptin signaling by SOCS3, which may act as an early effector in causing metabolic perturbations after short-term consumption of a fat-rich diet.
Results
AgRP Neurons Precede POMC Neurons in the Development of Cellular Leptin Resistance After Short-Term Consumption of a High-Fat Diet.
To gain understanding of the temporal and spatial regulation of diet-induced cellular leptin resistance, we first evaluated whether responsiveness of POMC and AgRP neurons to leptin is concurrently impaired after exposure to a high-fat diet for various lengths of time. Because Npy and Agrp are coexpressed in the same neurons within the arcuate nucleus (18) , AgRP neurons can be identified by presence of GFP fluorescence in mice in which GFP expression is driven by the Npy promoter. The specificity of
Significance
Multiple neuronal subtypes are involved in metabolic regulation, but little is known about the temporal dysregulation of neuronal functions upon acute consumption of fat-rich diets. We show that AgRP neurons are the predominant cell type situated outside the blood-brain barrier in the mediobasal hypothalamus. AgRP neurons are able to sense slight changes in plasma metabolic signals, such as leptin, but they also more quickly develop cellular leptin resistance compared with other hypothalamic neurons. We further show that modulation of SOCS3 expression in AgRP neurons plays a dynamic role in metabolic fine tuning in response to acute change of nutritional status.
GFP expression was verified by complete colocalization of Npy mRNA and GFP fluorescent signals in cells within the arcuate nucleus (Fig. S1 ). Impairment of leptin-induced phosphorylation of STAT3 (pSTAT3) is a hallmark feature of diet-induced obesity (19, 20) . To this end, pSTAT3 was analyzed in the hypothalamus of C57BL/6 mice carrying the Npy-GFP reporter after exposure to a high-fat diet for 2 d, 2 wk, or 10 wk, and compared with mice fed with a low-fat diet matched for other macronutrients. To minimize experimental variations, POMC and AgRP neurons from the same brain sections were examined for pSTAT3 by using triplecolor immunofluorescence analysis. Two days of high-fat feeding markedly impaired leptin-induced pSTAT3 in the AgRP neurons, but not in the POMC (Fig. 1 and Fig. S2 ). However, prolonged consumption (2 or 10 wk) of the high-fat diet caused an increase in basal pSTAT3 immunoreactivity in the POMC neurons, whereas leptin's ability to induce pSTAT3 signaling was progressively attenuated in these neurons (Fig. 1B) . This result indicates that AgRP neurons precede POMC neurons in the development of cellular leptin resistance upon exposure to a high-fat diet.
High-Fat Diet-Induced Up-Regulation of SOCS3 Occurs in AgRP Neurons
Before POMC and Other Hypothalamic Neurons. SOCS3, a negative regulator of JAK-STAT3 signaling, has been implicated in the negative feedback regulation of leptin signaling (21) . In light of the above findings, we investigated whether expression of SOCS3 is up-regulated in AgRP and POMC neurons after acute exposure to a high-fat diet. To this end, SOCS3 immunoreactivity was examined in hypothalamic neurons from mice that were fed with a high-fat diet for either 2 d or 2 wk, and compared with mice fed with a low-fat diet matched for other macronutrients. Specificity of the SOCS3 antibody was validated by diminished immunoreactivity after preincubation of the SOCS3 antibody with a fulllength SOCS3 protein (Fig. S3) . In animals fed with a low-fat diet, SOCS3 immunoreactivity was detected only in the mediobasal hypothalamus ( Fig. 2A) . Consumption of a high-fat diet for 2 d did not change the number of AgRP neurons that were positive for SOCS3, but caused elevation of SOCS3 intensity in the AgRP neurons by about twofold (Fig. 2 A-C) . Neither the number of SOCS3-positive POMC neurons nor SOCS3 protein intensity in POMC neurons changed after 2 d of high-fat feeding (Fig. 2 A-C) . However, after 2 wk of high-fat feeding, numbers of SOCS3-positive POMC neurons and extra-arcuate cells were significantly increased ( Fig. 2 A, C, and D) . Taken together, these results indicate that SOCS3 expression increases in the AgRP neurons before POMC neurons and other hypothalamic cells during the course of high-fat feeding, suggesting that diet-induced SOCS3 up-regulation in the hypothalamus follows a distinct temporal and spatial pattern. In contrast to SOCS3, no significant increase of heat-shock protein 72 (HSP72), a marker for neuronal injury (22) , or phosphorylation of eukaryotic initiation factor 2α (eIF2α), a marker for endoplasmic retictulum stress (23) , was detected in AgRP neurons after 2-d high-fat feeding (Figs. S4 and S5).
Expression of SOCS3 in AgRP Neurons Is Dynamically Modulated in
Response to Short-Term Changes of Dietary Conditions. The above result shows that SOCS3 expression increases rapidly in response to increased consumption of dietary fat. To determine whether SOCS3 expression is reversible upon change of nutritional status, a separate cohort of mice were fed with a high-fat diet for 2 d, followed by low-fat-diet feeding for 1 d. Two-day high-fat feeding increased SOCS3 expression in AgRP neurons, which was significantly reduced 1 d after switching to a low-fat diet (Fig. 3) . This result suggests that the increase in SOCS3 expression after short-term consumption of a high-fat diet is reversible, indicating that SOCS3 expression in AgRP neurons is dynamically modulated in response to short-term changes of dietary conditions. We have previously shown that transgenic up-regulation of SOCS3 in POMC neurons causes increased adiposity and obesity-induced glucose intolerance (6) . We set out to investigate the metabolic phenotypes mediated by SOCS3 up-regulation in AgRP neurons. Mice carrying a Cre-activatable allele of wild-type Socs3 (6) were crossed with mice expressing Cre recombinase specifically in the AgRP neurons (24) , such that SOCS3 would be overexpressed specifically in the AgRP neurons. We have previously shown that SOCS3 expression is Cre-dependent, and its expression is upregulated approximately twofold in Cre-expressing cells upon recombination (6). The Tg.Agrp-Cre mice have been used and validated in a number of independent studies (7, (25) (26) (27) (28) (29) (30) (31) . The resultant mutant mice, termed AgRP-SOCS3-OE, were born in Mendelian ratio with no detectable gross abnormalities. SOCS3 immunoreactivity increased by approximately twofold in the AgRP neurons of AgRP-SOCS3-OE mice compared with control mice, confirming overexpression of SOCS3 in AgRP neurons (Fig. S6) . The number and size of AgRP neurons and their projection patterns were indistinguishable between control and mutant mice (Fig.  S7) , suggesting that SOCS3 up-regulation did not affect the development of these neurons. As expected, leptin-induced pSTAT3 was significantly diminished in the AgRP neurons of mutant animals compared with weight-matched control mice (Fig. S8A) . Fos expression was significantly elevated in AgRP neurons in the mutant animals ( Fig. S8B) , consistent with increased firing rate of AgRP neurons in diet-induced obese animals (32, 33) . Phosphorylation of S6, a downstream component of the mammalian target of rapamycin complex 1 pathway, was increased in the mutant mice ( Fig. S8C) , consistent with the notion that pS6 signals positively correlate with AgRP neuronal activity (34) . In contrast, Agrp and Npy expression were not significantly altered (Fig. S8D ). When analyzed using the comprehensive laboratory animal monitoring system (CLAMS), AgRP-SOCS3-OE mice exhibited elevation of nighttime feeding, which was accompanied by significant increase in oxygen consumption ( Fig. 4 A and B). Locomotor activity was not different between control and mutant mice (Fig. S8E) . No significant changes in body weight, lean mass, fat mass, and circulating leptin levels were detected in AgRP-SOCS3-OE mutant mice throughout adulthood (Fig. 4 C-F) . Mutant animals showed reduced response to leptin's anorectic effects (Fig. 4G ), consistent with the rapid attenuation of leptin's anorectic effects in wildtype animals after short-term high-fat feeding (35) . Liver triglyceride levels were elevated in the mutant animals ( Fig. 4H ). Blood glucose and insulin levels were not significantly different, Fenestrated capillaries are present in the median eminence, a circumventricular organ, and considerable vascular permeability is observed in the arcuate nucleus (36) (37) (38) .
Given that AgRP and POMC neurons are both located in the arcuate nucleus of the hypothalamus, adjacent to the median eminence, we investigated the anatomical relationship of AgRP and POMC neurons with the BBB. It has been previously shown that a subset of neurons within the mediobasal hypothalamus readily take up fluorogold, a dye that does not penetrate the BBB, indicating that these neurons are outside the BBB (39) . In the present study, we used Evans blue, a commonly used fluorescent dye for assessing BBB permeability, to visualize hypothalamic cells that are in direct contact with the circulation. Evans blue is not accessible to cells inside the BBB under normal condition, but readily penetrates neurons and other cells when the BBB is damaged under pathologic conditions (37, 40) . Evans blue was administered peripherally into normal mice carrying the Npy-GFP reporter. Direct fluorescence emitted by Evans blue was observed in blood vessels throughout the brain, as well as in a population of cells in the arcuate nucleus of the hypothalamus (Fig. 5A ). AgRP neurons made up close to 70% of Evans blue-positive cells in the anterior, medial and posterior arcuate nucleus, but POMC neurons constituted about 10% of Evans blue-positive cells in these regions (Fig. 5 B-D) . Using an independent method, immunoreactivity of albumin, which does not penetrate the BBB, was found to be present in most AgRP neurons, further confirming that AgRP neurons are directly exposed to blood-borne substances (Fig. 5E ). Taken together, our result indicates that AgRP neurons represent the predominant cell type situated outside the BBB in the mediobasal hypothalamus.
Cells Outside the BBB Are More Sensitive to Basal Level of Leptin
Signaling. To further determine whether neurons that are directly exposed to the circulation are more sensitive to bloodborne metabolic signals, we first examined the distribution of pSTAT3 signals in the hypothalamus from wild-type mice under free-fed conditions on regular chow. Consistent with what was described previously (39), basal pSTAT3 signal was only detected in a small population of cells in the mediobasal hypothalamus. Importantly, about 90% of these basal pSTAT3-positive cells are also positive for Evans blue (Fig. 6 ). Because the presence of the basal pSTAT3 signal is leptin-dependent (39), our result suggests that cells located outside the BBB in the mediobasal hypothalamus are more sensitive to basal level of leptin signaling.
AgRP Neurons Situated Outside the BBB Are Primary Targets of SOCS3
Up-Regulation After Short-Term Consumption of a High-Fat Diet. We next investigated whether AgRP neurons situated outside the BBB displayed more SOCS3 expression after short-term consumption of a high-fat diet. C57BL/6 mice carrying Npy-GFP were fed with a high-fat diet or a matching low-fat diet for 2 d. AgRP neurons were identified by GFP expression. Because of technical considerations related to antibody compatibility, cells outside the BBB were revealed by positive immunoreactivity of albumin instead of using Evans blue in this experiment. After 2 d of high-fat diet feeding, SOCS3 intensity increased in the AgRP neurons that were albumin-positive, but not in AgRP neurons that were albumin negative (Fig. 7) , suggesting that the AgRP neurons outside the BBB are more sensitive to SOCS3 up-regulation after short-term consumption of a high-fat diet.
Low Dose of Peripheral Leptin Treatment Induces Cellular Leptin
Resistance Specifically in AgRP Neurons Situated Outside the BBB.
The heightened sensitivity of AgRP neurons, defined by their permeability to the circulation, to basal pSTAT3, and increased SOCS3 expression suggests that AgRP neurons outside the BBB are more sensitive to blood-borne signals, the circulating levels of which change after short-term consumption of a high-fat diet. Leptin is commonly considered an adiposity signal for long-term regulation of energy balance because of the close association between its circulating levels and fat mass. However, plasma leptin is known to exhibit a meal-entrained diurnal rhythm, and leptin levels are influenced by short-term overfeeding or un- Blood glucose and plasma insulin after 6 h fast in 20-to 30-wk-old control mice (n = 9) and AgRP-SOCS3-OE mutant mice (n = 6). (K) AgRP-SOCS3-OE (n = 11) and control mice (n = 22) at 12 wk of age were fasted for 6 h, and injected with 2.5 g/kg glucose. Glucose levels were measured from tail blood using a glucometer. (L) Thirteen-week-old control mice (n = 17) and AgRP-SOCS3-OE mutant mice (n = 11) were fasted overnight, and injected with 1 U/kg insulin. Glucose levels were measured from tail blood using a glucometer. Data represent mean± SEM *P < 0.05, **P ≤ 0.01, ***P ≤ 0.001 between control and mutant mice as determined by two-way repeated measures ANOVA (A-C, K, and L) and Student t tests (D-J).
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derfeeding in humans and rodents without changes in fat mass (12, (41) (42) (43) (44) (45) (46) . These findings indicate that leptin levels are modulated dynamically in response to short-term changes of nutritional status. In particular, a small but significant increase in circulating leptin levels is observed after 2 d of high-fat feeding (12) . Thus, we speculated that the heightened sensitivity of AgRP neurons outside the BBB to leptin may also render these neurons more susceptible to the development of cellular leptin resistance under conditions of acute nutrient excess. To test this possibility, we investigated whether a low dose of peripheral leptin administration induced cellular leptin resistance primarily in AgRP neurons outside the BBB. C57BL/6 mice carrying the Npy-GFP reporter were given an intraperitoneal injection of leptin (0.01 mg/kg) or vehicle four times at 2-h intervals, and then injected with a large dose of leptin (3 mg/kg) and killed 45 min later. Intraperitoneal injection of 0.01 mg/kg leptin has been shown to raise blood leptin levels approximately twofold (39) , similar in magnitude to the small increase of leptin levels after 2 d of high-fat feeding (12) . Compared with mice that received vehicle pretreatment, low-dose (0.01 mg/kg) leptin pretreatment caused impairment of leptin-induced pSTAT3 signaling specifically in AgRP neurons that were Evans blue-positive, but not in those AgRP neurons that were Evans blue-negative (Fig.  8) . Taken together, our results suggest that AgRP neurons situated outside the BBB are more sensitive to leptin, and in turn they are more vulnerable to the development of cellular leptin resistance.
Discussion
Development and progression of diet-induced obesity are mediated by a number of neurological changes that progressively impair hypothalamic neuronal functions. However, very little is known about the temporal and spatial regulation of these changes during the course of high-fat feeding. In this study, we show that AgRP neurons develop cellular leptin resistance before POMC and other hypothalamic neurons. Upon acute exposure to a high-fat diet, SOCS3 is up-regulated in AgRP neurons and this is followed by wide-spread SOCS3 up-regulation in a broader hypothalamic area after prolonged high-fat feeding. Transgenic up-regulation of SOCS3 in AgRP neurons causes several key phenotypes reminiscent of those observed after short-term consumption of fat-rich diets; this includes hyperphagia, elevation of energy expenditure, development of insulin resistance, and increased hepatic lipid content without significant changes in body adiposity (12) (13) (14) (15) (16) (17) . This result suggests that modulation of SOCS3 expression may play a dynamic role in metabolic fine tuning in response to short-term changes of nutritional status.
Because they are the predominant neurons situated outside the BBB, AgRP neurons may possess the unique ability to directly sense blood-borne metabolic signals. This theory is supported by our finding that basal level of pSTAT3 signal, which has been previously shown to be leptin-dependent (39) , is present almost exclusively in cells outside the BBB. This finding is further supported by our result that early elevation of SOCS3 expression upon acute exposure to a high-fat diet occurs primarily in AgRP neurons that are situated outside the BBB. It is likely that upregulation of SOCS3 after short-term high-fat feeding is induced by circulating molecules whose access to the brain is tightly controlled. One of these molecules is leptin, which is known to activate SOCS3 expression. Indeed, arcuate SOCS3 expression is lower in obese mice with inactivation of leptin receptor in all tissues compared with control animals (47) . Leptin is transported into the brain via a saturable transport system (48, 49) . However, the amount of leptin transported into the brain is not proportional to the plasma leptin level, because of the limited capacity of the transport machinery (49, 50) . Leptin is commonly considered an adiposity signal for long-term regulation of energy balance because of the close association between its circulating levels and fat mass. However, plasma leptin levels are influenced by short-term changes in nutritionals status in humans and rodents in the absence of significant changes in body adiposity, and leptin's diurnal rhythm can be entrained by meal timing (41) (42) (43) (44) (45) (46) . In particular, plasma leptin levels rise moderately after 2-d consumption of a high-fat diet before significant increase of body adiposity (12) . These studies suggest that circulating levels of leptin are more dynamic in nature and can be influenced by short-term changes of nutritional intake or alteration of feeding patterns. Thus, by being situated outside the BBB, AgRP neurons could be more sensitive to the subtle changes of leptin levels compared with neurons situated inside the BBB. Modulation of SOCS3 in AgRP neurons outside the BBB may play a physiological role in adjusting leptinsignaling strengths in response to short-term changes of nutritional status. However, the heightened sensitivity of these neurons to leptin may in turn render them more susceptible to the development of cellular leptin resistance. The early development of cellular leptin resistance in AgRP neurons upon short-term high-fat feeding or by lowdose leptin treatment, as demonstrated in this study, supports this notion. In addition, transgenic up-regulation of SOCS3 in AgRP neurons diminishes leptin's anorectic effects, consistent with the finding that leptin's anorectic effects are greatly attenuated in wild-type animals after 3 d of high-fat feeding (35) .
AgRP neurons are known to project to multiple regions of the brain, including the arcuate nucleus, the paraventricular nucleus, and neurons in the dorsomedial hypothalamus, lateral hypothalamic area, and the parabrachial nucleus in the hindbrain (51) (52) (53) (54) (55) . In particular, AgRP neurons are known to project directly onto POMC neurons in the arcuate nucleus, and inhibit POMC neuronal firing (15, 54) . Thus, modulation of AgRP neurons by blood-borne metabolic signals could indirectly regulate their downstream neurons in many regions of the brain via neuropeptide or neurotransmitter release from AgRP neurons. The heightened sensitivity of AgRP neurons outside the BBB allows these neurons to sense small changes of circulating leptin levels, and to relay this information to POMC and other downstream target neurons. The functional integrities of components in the higher-order neuronal circuits are likely required for dynamic metabolic fine tuning by blood-borne metabolic signals acting on AgRP neurons outside the BBB.
It should be acknowledged that the expression of SOCS3 in the basal state is found in non-AgRP cells and also in cells behind the BBB. However, after consumption of a high-fat diet for 2 d, SOCS3 is significantly increased predominantly in AgRP neurons outside the BBB, but not in AgRP neurons inside the BBB. SOCS3 expression in POMC neurons, which are mostly situated inside the BBB, does not change after 2 d of high-fat feeding. Taken together, these results suggest that expression of SOCS3 in AgRP neurons outside the BBB is more sensitive to a short-term change of dietary condition. Consistent with the notion that cells outside the BBB are more sensitive to leptin, we show that 90% of pSTAT3-positive cells are found outside the BBB, and these basal pSTAT3 signals have been previously shown to be leptin-dependent (39) . Although SOCS3 is a direct transcriptional target of STAT3, SOCS3 has also been shown to be regulated by other signaling pathways such as NF-κB (7) or Epac (56). Thus, it is possible that basal SOCS3 expression in cells behind the BBB is regulated by STAT3-independent mechanisms. Rapid and reversible regulation of SOCS3 in AgRP neurons upon acute changes of dietary conditions suggests that modulation of SOCS3 expression in AgRP neurons is dynamic in nature. This notion is further supported by the findings that arcuate SOCS3 expression is decreased upon fasting (57) . The ability of AgRP neurons to sense slight changes in plasma metabolic signals make them important integrators of peripheral hormonal actions and first-line responders to daily fluctuation of energy intake and expenditure in normal weight subjects. However, under conditions of chronic energy surplus, such as during the persistent consumption of a high-fat diet, SOCS3 expression is up-regulated in broader hypothalamic area, which may be attributed to the development of neuroinflammation (7) and chronic hyperleptinemia. It should be noted that AgRP-SOCS3-OE mice do not develop obesity despite displaying hyperphagia and other metabolic perturbations, suggesting that metabolic effects caused by restricted up-regulation of SOCS3 in the AgRP neurons can be compensated by other hypothalamic neurons or SOCS3-independent pathways in AgRP neurons. This observation further suggests that up-regulation of SOCS3 in POMC and other hypothalamic neuronal subtypes may ultimately impair homeostatic regulation of energy balance, resulting in obesity. This notion is supported by our previous findings that transgenic up-regulation of SOCS3 in POMC neurons causes obesity (6) . Collectively, confined up-regulation of SOCS3 in the AgRP neurons may signal short-term changes in dietary condition, but up-regulation of SOCS3 in POMC neurons and additional hypothalamic neurons may signal a steady surplus of energy supply and thus promote weight gain and energy storage as fat.
Experimental Procedures
Mice. Mice expressing GFP under the control of the mouse Npy promoter were purchased from the Jackson Laboratory [B6.FVB-Tg(NPY-hrGFP)1Lowl/J]. Generation of transgenic mice that express Cre-activatable Socs3 allele (Tg. CMV-Flox-Stop-Socs3 mice) has previously been described and validated (6) . Tg.Agrp-Cre mice have been validated by multiple research groups. Tg.AgrpCre/+ mice were crossed with the Tg.CMV-Flox-Stop-Socs3 mice. The control cohort contains three different genotypes: +/+;+/+ mice, +/+; Tg.CMV-FloxStop-Socs3/+ mice, and Tg.Agrp-Cre/+;+/+ mice. No phenotypic differences were seen between different control groups so they were pooled for analysis. Mutant mice are doubly heterozygous for the Socs3 allele and the Agrp-Cre, and are designated AgRP-SOCS3-OE. For all experiments age-matched males were used with the exception of Figs. 3, 5, and 6, and Fig. S6-S8 , where both males and females were used. Mice were housed in barrier facility with a 0700 hour to 1900 hour light-dark cycle. Mice were fed standard mouse chow (21.6% kcal from fat; Purina mouse diet #5058), high-fat diet (60% kcal from fat, Research Diet D12492), or a matching low-fat diet (10% kcal from fat, Research Diet D12450B). All experiments were carried out under a protocol approved by the University of California at San Francisco Institutional Animal Care and Use Committee.
Immunohistochemistry. After perfusing mice with 4% (wt/vol) PFA, brains were removed and postfixed in 4% (wt/vol) PFA, and then transferred to 30% (wt/vol) sucrose in PBS overnight at 4°C. Brains were sectioned using a cryostat. For staining of ACTH, albumin and double staining for ACTH and pSTAT3, coronal brain sections (10 μm) were boiled in a 10 mM citrate solution. For SOCS3, coronal sections (10 μm) were incubated sequentially for 10 min each in 0.3% (wt/vol) glycine and 0.3% (wt/vol) SDS. Sections were incubated with primary antibody against pSTAT3 (1:200; Cell Signaling), ACTH (1:400; National Hormone & Peptide Program), or albumin (1:250; Thermo Scientific Pierce) overnight at 4°C or against SOCS3 (1:120; Novus Biologicals) for 36 h at 4°C, washed, and incubated for 1 h at room temperature with a secondary goat anti-rabbit or goat anti-guinea pig IgG antibody (1:200; Invitrogen). Fluorescence images were captured using a Zeiss Axioscope2 imaging system equipped with an AxioCam digital camera or an Olympus BX51WI microscope equipped with a QImaging Retiga 2000R digital camera. Images of the Npy-GFP and the Evans blue signal were taken before staining the sections for ACTH and pSTAT3. Double-immunofluorescence analyses of SOCS3 and ACTH and of SOCS3 and albumin were done by applying the two different antibodies sequentially. Pictures taken before and after immunohistochemistry were merged in Adobe Photoshop software using anatomical landmarks. Mice carrying the Npy-GFP reporter were fasted from 0900 hours and intraperitoneally injected with either saline or 0.01 mg/kg leptin at 0900 hours, 1100 hours, 1300 hours, and 1500 hours. All mice were injected with 3 mg/kg leptin intraperitoneally at 1700 hours, transcardially injected with 1% Evans blue solution at 1735 hours, and perfused 10 min later. Hypothalamic sections were prepared and immunofluorescence analysis was performed to compare leptin-induced pSTAT3 signaling in hypothalamus from mice pretreated with leptin or saline. Cells outside the BBB were identified by Evans blue staining (blue), and AgRP neurons were identified by GFP signal (green). Antibody against Tyrosine-705-STAT3 was used to detect pSTAT3 (red). (B) Evans blue-positive AgRP neurons show diminished response to leptin (3 mg/kg)-induced pSTAT3 after pretreatment with low-dose (0.01 mg/kg) leptin, but Evans blue-negative AgRP neurons were not affected by this pretreatment. n = 3 mice per group. *P ≤ 0.05 between saline and leptin pretreatments as determined by a two-way ANOVA with a Bonferroni post hoc test. n.s., not significant. Data represent mean ± SEM. 3V: third ventricle.
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Measurement of Intensity of SOCS3 Immunoreactivity. All sections being compared were processed in the same immunohistochemical experiment. Fluorescent images were captured with identical exposure time without saturation of pixel intensities. By using ImageJ software, Npy-GFP signal in the arcuate nucleus was used to determine the outline of AgRP cell bodies, and ACTH signal was used to determine the outline of POMC cell bodies. To measure SOCS3 protein intensity, background was determined based on average intensity value in several areas without any detectable SOCS3 immunoreactivity. SOCS3 intensity in the AgRP and POMC neurons were determined as signals over the background intensity.
Assessment of Permeability of BBB with Evans Blue. For studies of the BBB, mice were anesthetized and injected with 1% (wt/vol) Evans blue (Sigma) in 50 μL saline transcardially. Mice were subsequently perfused with 4% (wt/vol) PFA 10 min later. Direct fluorescence emitted by Evans blue was captured from brain explants or 10-μm cryo-sections before being washed and processed for immunohistochemical studies. Pictures taken before and after immunohistochemistry were merged with Adobe Photoshop software using anatomical landmarks.
Cell Counting. pStat3-, Evans blue-, or SOCS3-positive cells were counted from matched sections ranging from bregma −1.22 to −2.30 (Paxinos Mouse Brain Atlas; ref. 58) . To determine the number of pSTAT3-positive cells in the ARC from mice given a high-or low-fat diet, three different methods were used to analyze the data. In the first analysis, intensity of pSTAT3 staining in the cell nucleus was measured and normalized to background intensity using ImageJ software. Cells with an intensity of more than 1.3× above background were considered positive as this threshold defines cells that are clearly pSTAT3-positive by visual inspection. This analysis method was used to generate the graphs in Fig. 1 . In the second analysis, cells that visually had a stronger signal than the basal pSTAT3 was considered positive. This analysis method was used to generate the graph in Fig. S2A . In the third analysis, all cells with a visible nuclear staining were counted as positive. Data from this analysis are presented in Fig. S2B . The percentage of the AgRP and POMC neurons that were positive for pSTAT3 was determined. Only cell nuclei that were clearly visible using DAPI and located in the center of the cells were considered in this analysis.
Body Composition Analysis and Metabolic Studies. Lean and fat mass were determined by dual energy X-ray absorptiometry (DEXA) using a PIXImus II (Lunar Corp.). The DEXA apparatus was calibrated with a phantom mouse with manufacturer-set value of bone density and fat mass. Fat-pad weights were determined by postmortem dissection. To measure oxygen consumption (VO 2 ), food intake, and locomotor activity, mice were analyzed using CLAMS (Columbus Instruments). Mice were allowed 24 h to acclimatize before taking measurements. VO 2 is normalized to lean body mass as determined by DEXA analysis.
Measurement of Leptin's Effects on Food Intake. To determine the anorectic effect of leptin, mice were singly housed and intraperitoneally injected with saline twice daily (1100 hours and 1900 hours) for approximately 2 wk. Twenty-four-hour food intake was measured at 1100 hours each day. The mice were given 2 d to acclimatize to the procedure. An average 24-h food intake was determined for all of the days of saline injection. Mice were then intraperitoneally injected with 2.5 mg/kg leptin (National Hormone Peptide Program) at 1100 hours and at 1900 hours. Twenty-four-hour food intake was measured at 1100 hours the day after leptin injection and compared with the average 24-h food intake when saline was injected.
Biochemical Assays. Blood was collected via mandibular vein puncture under either fed (leptin) or 6-h fasted (insulin) conditions. Hormones were measured with a leptin ELISA kit (Crystal Chem) and an insulin ELISA kit (Alpco). For glucose-tolerance tests, mice were fasted for 6 h and injected intraperitoneally with glucose (2.5 g/kg). Blood glucose was measured with a glucometer (Freestyle; Abbott Diabetes Care) at indicated times. For insulin tolerance tests, mice were fasted overnight, and intraperitoneally injected with insulin (1 U/kg, Novolin R). Blood glucose was measured as above. Liver triglycerides were extracted using the Folch method (59) and quantified by colorimetric assay.
Statistics. Mean values in the text and figures are expressed as mean ± SEM. Groups being compared and the types of statistical analyses are described in each figure legend. Briefly, two-tailed Student t tests were used to compare difference between two independent groups. In cases where multiple independent groups were compared, one-way or two-way ANOVA followed by post hoc test were performed, using the GraphPad Prism analytical software. In cases where the same animals were analyzed over time or by different treatment, repeated-measures ANOVA was used.
